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The past decades have witnessed the development of many technologies based on nanoionics, especially 
lithium-ion batteries (LIBs). Now there is an urgent need for developing LIBs with good high-rate capability 
and high power. LIBs with nanostructured electrodes show great potentials for achieving such goals. 
However, the nature of Li-ion transport behaviors within the nanostructured electrodes is not well clarified 
yet. Here, Li-ion transport behaviors in Li x Co0 2 nanograins are investigated by employing conductive 
atomic force microscopy (C-AFM) technique to study the local Li-ion diffusion induced conductance 
change behaviors with a spatial resolution of ~ 10 nm. It is found that grain boundary has a low Li-ion 
diffusion energy barrier and provides a fast Li-ion diffusion pathway, which is also confirmed by our first 
principles calculation. This information provides important guidelines for designing high performance 
LIBs from a point view of optimizing the electrode material microstructures and the development of 
nanoionics. 

Nanoionics mainly covers a variety of modern technologies including energy conversion and storage, 
information storage and other technologies related to electrochemical reactions at a nano-scale 16 . 
Different from nanoelectronics, nanoionics is focused on the study of ion transportation and has 
attracted great attentions in the past decades. A typical example is Lithium-ion batteries (LIBs) which have 
already found their widely applications in portable electronic device as power sources 3,7 . To achieve rechargeable 
LIBs that could meet the urgent demands from high power devices, many technical challenges, such as good high- 
rate capability and large discharge capacity, need to be overcome 3,7 . It is reported that nanostructured electrodes, 
i.e. grains in the nano-size range, offering distinct metrics including a short ion and electron transport length and 
a large surface area, are beneficial to improve LIBs' performances 8,9 . Unfortunately, so far, the behaviors of Li-ion 
transport within the electrodes composed of nano-sized grains at a nano-scale are not well understood, and some 
crucial information like the location of the fast diffusion paths, kinetics of Li-ion in the grains and at the internal 
grain interfaces is virtually unknown. This can be partially attributed to the lack of suitable and efficient char- 
acterization techniques for clarifying the mechanisms involved in LIBs operation processes at a nano-scale 10 , 
which hinders us to understand the interrelationship between the electrode microstructure and battery perfor- 
mances 11,12 . 

Until now, several techniques have been used to investigate Li-ion transportation, including scanning electron 
microscopy, scanning probe microscopy based techniques, magnetic resonance imaging method and especially 
high resolution transmission electron microscopy 13 23 . These methods have already provided very important 
information about the LIBs working mechanisms which guide us to develop LIBs with improved performances. 
However, some of these methods suffer from at least one of several disadvantages, for example, inconvenient 
sample preparation, high environmental sensitivity, non-quantitative measurement and especially limited spatial 
resolution, respectively. Therefore, some new techniques that can further provide insights into Li-ion diffusion at 
a nano-scale with a high spatial resolution and (semi-)quantitative measurement capability, are highly desired. 

As one of the most widely used cathode materials, LiCo0 2 is very suitable for a typical model material to 
investigate Li-ion diffusion owing to its excellent stability. As reported previously, the diffusion of Li-ion can 
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result in Li deficiency in LiCo0 2 with a chemical formula of Li x Co0 2 
(0<x< 1) and lead to a change in conductivity correspondingly 14,24,25 . 
Recently, Li x Co0 2 material was proposed as one promising candid- 
ate for ionic memory 26 due to the observation of conductance change 
(or say resistive switching) behaviors in Li x Co0 2 thin film, which 
were considered to be related with Li-ion diffusion and a change of Li 
content 27 . This indicates that by studying the local conductance var- 
iations under an electrical field, one may reveal the process and 
mechanism of Li-ion diffusion in Li x Co0 2 material. Conductive 
atomic force microscopy (C-AFM) is a powerful tool that can be 
used to in situ study the local electrical transport properties of mate- 
rials under a bias voltage with a spatial resolution of ~ 10 nm. With 
locating the conductive tip at the material surface, local current- 
voltage (I-V) characteristics can be studied in situ. Particularly, it 
also has a current resolution of —10 pA, offering a unique oppor- 
tunity for quantitative measurements. 

In this work, C-AFM technique is adopted to observe electric 
current images of Li x Co0 2 thin films under electrical fields. It is 
found that the local conductance is closely associated with the loca- 
lized Li deficiency. We show that Li x Co0 2 grain boundary area has a 
lower Li-ion diffusion energy barrier and higher Li-ion diffusion rate 
than grain interiors, which is consistent with our first principles 
calculation. Our findings suggest that from the point view of Li-ion 
diffusion behaviors, high-rate charge LIBs with a high capacity may 
be realized by adapting Li x Co0 2 electrodes composed of nanograms 
with a large grain boundary area. 

Results 

Polycrystalline Li x Co0 2 films with a thickness of —120 nm were 
deposited on Pt substrates by pulsed laser deposition (PLD) method. 
The detailed fabrication process was reported elsewhere 28 . X-ray 
diffraction (XRD) pattern (see Fig. SI in Supplementary Infor- 
mation) indicates a strongly preferred (003) orientation, suggesting 
that the Li layers are separated alternatively by Co0 2 octahedrons 
layers parallel to the substrate (Fig. la) 29 . 

We first characterized the conductance change behaviors in the 
Li x Co0 2 thin film at a macroscopic scale (see Sample preparation in 
Methods). The device structure and I-V characteristics of the Pt/ 
Li x Co0 2 /Pt stack were illustrated in Fig. la and b, respectively. 
The I-V curve showed that the Pt/Li x Co0 2 /Pt stack was of a low 
conductance in its pristine state. The current increased slowly with 
the bias voltage, and jumped abruptly, at a threshold voltage in the 
range of 1.5-2.0 V, to the pre-set current limit of 0.05 A which was 
set to protect the device from a permanent dielectric breakdown 4 . In 
other words, the device was switched to a high conductive state. 
Under negative bias voltages, the device can be switched back to a 
low conductive state. It is noted that at around — 0.5 V, a drastic drop 
of current is observed. This can be understood based on the thermal- 
assisted conductance change process due to the large Joule-heat 
effect under a high current 30 32 . Notably, it is found that a higher bias 
voltage, 2.5 V or beyond, may damage the device without a current 
limitation in our case. The conductance change phenomena were 
well consistent with that reported in ref. 27, and the behaviors were 
attributed to the Li-ion diffusion under the electrical fields. The 
conductance ratio between the high and low conductive states in 
our device located in the range of three to five orders of magnitude, 
well consistent with the conductivity changes due to tens of percents 
Li content variations in Li x Co0 2 bulk sample 25,27 . As is well-known, 
Li- rich Li x Co0 2 shows a semiconductive behavior, while Li-deficient 
Li x Co0 2 has a metallic conduction characteristic 25,33 . Due to the 
nonvolatile characteristics of the Pt/Li x Co0 2 /Pt device at both the 
high and low conductive states, the device resistance values at various 
temperatures were obtained by detecting the currents under a small 
voltage {e.g. 0.1 V). Our Pt/Li x Co0 2 /Pt stack showed a semiconduc- 
tive behavior at the low conductive state, while a metallic behavior at 
the high conductive state (see Fig. S2), implying that the Li x Co0 2 



thin film at the high conductive state is highly Li-depleted due to the 
applied electrical field. 

In order to investigate Li-ion diffusion at a nano-scale, C-AFM 
measurements were carried out to observe the local conductance 
change behaviors with the application of various bias voltages in 
the Li x Co0 2 thin film. The Pt/Ir conductive tip was grounded in 
the schematic of the setup for C-AFM measurements as shown in 
Fig. lc. With the tip contacted on the film and applying an appro- 
priate bias voltage on the bottom Pt electrode, Li-ion can diffuse in 
the Li x Co0 2 thin film and correspondingly cause a local change in 
the Li content 14,27 . Fig. Id and e showed the morphology of the 
Li x Co0 2 thin film and the corresponding current images under vari- 
ous electrical biases. Current images were recorded in a sequence of 
0.5 2.0 -1.5 -» -0.5 V with a step of 0.5 V. No obvious 
current contrast was observed under 0.5 V at first. At 1.5 V, some 
bright regions corresponding to the conductive locations were 
detected. With further increasing the bias voltage to 2.0 V, the con- 
ductive area increased and most of the conductive regime reached the 
self- set compliance current level (—12 nA). While gradually redu- 
cing the bias voltage to 0.5 V, some conductive regions were 
reserved. These conductive regions were gradually removed under 
negative bias voltages and disappeared eventually at —1.5 V. An 
individual grain was characterized at various bias voltages and the 
results are shown in Fig. S3. The mean current densities (I) were 
extracted from the current images, and the corresponding I-V loop 
was plotted in Fig. S4 which was similar to the I-V curve in Fig. lb. 
Therefore, the local bright regions in the current images can be 
considered to correspond to the conductive Li-deficient locations 
and it is feasible to employ the C-AFM technique to study the Li- 
ion diffusion in Li x Co0 2 thin film at a nano-scale. 

As shown in Fig. le, the Li-ion transport location (high conductive 
regions) is dependent on grain size. For example, under a bias voltage 
of 2.0 V, well conductive characters can be observed over the whole 
grain area in relative small grains, e.g. Gl, however, for the large 
grains, e.g. G2, the grain interiors were much less conductive than 
grain boundary areas. 

In order to investigate the differences of conductance change 
behaviors between the grain interiors and boundary areas, the con- 
ductance characteristics in two grains with different sizes (G3 and G4 
as illustrated in Fig. 2a) were studied by I-V measurements with 
locating the C-AFM tip at the interiors and grain boundary areas, 
respectively. As shown in Fig. 2b, both G3 and G4 show similar 
conductance change behaviors, except that the threshold voltage 
for the large grain G4 is larger than that for the small grain G3. On 
the other hand, with locating the C-AFM tip at places near grain 
boundaries, the threshold voltage amplitude doesn't vary much, 
regardless of the grain size (not shown). The threshold voltage can 
reflect the Li-ion diffusion energy barrier at the location. Briefly 
speaking, our results indicate that the Li-ion diffusion energy barrier 
is closely dependent on the location in a Li x Co0 2 grain. 

We further measured the threshold voltages at different locations 
on a Li x Co0 2 grain in detail. Fig. 2c and d show that the threshold 
voltage is mainly dependent on the distance between the tip position 
and the nearest grain boundary. Fig. 2e shows the threshold voltage 
as a function of the distance obtained from measurements at various 
locations and a lot of grains. We can clearly see that the farther the tip 
contacts location away from the nearest grain boundary, the larger 
the threshold voltage is. 

Usually, the maximum practical capacity of LiCo0 2 material is 
only half of the theoretical value while working under a cutoff voltage 
{e.g. 4.2 V with Li metal as the anode). A larger charge voltage can 
provide a higher capacity, but easily destroy the LiCo0 2 lattice struc- 
tures and result in a rapid capacity loss 24 . Therefore, LIBs with a high 
capacity and optimized charge voltage are desired. As shown in 
Fig. 2e, if we take 2.5 V as a constant bias voltage, a high capacity 
density is expected to be achieved in a Li x Co0 2 electrode with a grain 
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Figure 1 | Characterization of conductance change behaviors in Li x Co0 2 films under various electrical fields, (a) Schematic of a sandwiched Pt/ 
Li x Co0 2 /Pt structure, (b) Typical I- V characteristics observed in the Pt/Li x Co0 2 /Pt device, (c) Schematic of C-AFM measurements on Li x Co0 2 films. 
(d,e) Morphology of a Li x Co0 2 thin film (d), and current images scanned at various bias voltages (e). The dashed boxes mark two grains (Gl and G2, 
respectively) in Fig. Id and their current images under a bias voltage of 2 V in Fig. le. 



size less than about 50 nm (with a distance range of around 25 nm), 
in which a certain amount of Li ions in the whole grain can be de- 
intercalated. In order to verify this speculation, we chose a Li x Co0 2 
grain with a lateral size of around 45 nm and studied the local con- 
ductance of the grain after applying various bias voltages. After each 
scanning process, the grain conductance mapping was recorded at 
0.5 V (Fig. 3a), followed by negative bias scanning processes similar 
to the procedures performed in Fig. le (This also demonstrated that 
the Li-ion can be reversibly intercalated/de-intercalated in the grain 
and the LiCo0 2 structure is stable). As expected, more and more well 
conductive areas indicate the Li-deficient area extended from grain 
boundaries to grain interiors with increased bias voltage. After a 
2.5 V scanning process, both boundary area and interior reached 
the compliance current level (—12 nA), implying that a certain 
amount of Li ions have been uniformly de-intercalated. We noted 
that at high conductive states, the currents were usually proportional 



to the bias voltages, following ohm's law (also see Fig. 2b). As a result, 
the conductance values can be obtained by simply using G=I/V. 
Fig. 3b shows the location dependence of normalized conductivity 
after various bias voltage scanning processes in the grain (see 
Definition of normalized conductivity in Methods). Fig. S5 in sup- 
plementary show the resistive/conductivity and corresponding nor- 
malized conductivity of Li x Co0 2 bulk samples as a function of Li 
content 25 . If we coarsely assume that the compliance current level 
(—12 nA) corresponds to the current of the Li-deficient Li x Co0 2 
detected at 0.5 V, in which a certain amount of Li ions have been 
extracted (in a extreme condition, i.e. x=0), we may evaluate roughly 
Li distributions in the grain at different locations (Fig. 3b). For com- 
parison, we also studied the location dependence of normalized con- 
ductivity in a larger grain (—120 nm) following the same measuring 
procedures. It was found that the grain interiors were always much 
more insulating than grain boundary areas, even after a 2.5 V scan- 
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Figure 2 | Characterization of Li-ion de-intercalation threshold voltages in Li x Co0 2 grains by using C-AFM tip measurement in situ. (a,b) 
Morphology of a selected area on a Li x Co0 2 film (a) and corresponding J-Vcurves (b) showing different conductance change behaviors of two grains, G3 
and G4, respectively. The C-AFM tip locations were marked at the spots in Fig. 2a. (c,d) Morphology of a Li x Co0 2 grain (c) and corresponding J-Vcurves 
(d) at different positions away from grain boundaries in the same grain. The C-AFM tip locations were marked at the spots from I to V in Fig. 2c. (e) 
Location dependence of the threshold voltage obtained from various grains. The threshold voltage is defined as the critical voltage where the grain is 
switched to a conductive state (see Fig. 2b), and the distance is the shortest distance between the tip location and the nearest grain boundary. The line is a 
guide to the eye. 



ning process (Fig. 3c). In other words, from the point view of Li-ion 
diffusion behaviors, under a certain bias voltage, more Li ions can be 
extracted from the Li x Co0 2 nanograms with a smaller grain size in a 
given time. As a result, one can achieve LIBs with a high capacity by 
using small LiCo0 2 nanograms as cathode and charging under a 
suitable bias voltage. 

To understand the experimental observations aforementioned, we 
performed first principles calculation. Perfect LiCo0 2 crystal is com- 
posed of Co0 2 sheets stacked in the [001] direction with Li layers 
intercalated in between. Each Co0 2 sheet is built from units of edge- 
sharing Co0 6 octahedrons, which form an extensive two-dimen- 
sional network parallel to the (001) plane. These edge-sharing 
Co0 6 octahedrons are packed very close to each other (see Fig. 
S6). Our calculation results show that the Li-ion diffusion energy 
barrier along a vertical direction directly through the Co0 2 sheet is 
around 6.8 eV. However, the Li-ion diffusion energy barrier along 
Co0 2 sheets is only 0.3 eV (well consistent with ref. 34). In practical 
LIBs, under a bias voltage, Li-ion will first diffuse along Co0 2 sheets 
and then transfer along grain boundaries 14,35 . To model the grain 
boundaries, different low-index crystal planes {100}s and {110}s 
which are parallel to the [001] direction were considered. The grain 



boundary structure can be understood as a stacking fault with a 
relative displacement of a 1/2 unit cell along the [001] direction 
and a schematic of the (100) grain boundary was shown in Fig. 4a. 
Our calculation results show that both (100) and (110) grain bound- 
aries are very stable with very low formation energy of 0.08 eV/A 2 
and 0.05 eV/A 2 , respectively. As a result of the relative displacement, 
Li layers, which are originally separated by close-packed Co0 6 octa- 
hedrons layers, are now only separated by O layers (Fig. 4a), and 
periodic gaps are created in the network of Co0 2 sheets at grain 
boundaries (Fig. 4b,c). Therefore, Li ions at grain boundaries are 
now connected by a clear and continuous diffusion channel along 
the [001] direction, providing a 0.7 eV diffusion energy barrier path- 
way along the [001] direction, which is a steep decline from 6.8 eV 
for the Li-ion to cross the Co0 2 sheet. This is in good agreement with 
our experimental results that the Li-ion diffusion energy barrier is 
much lower near grain boundaries than that at grain interiors. 

Discussion 

Since we have clarified the correlation between the capacity den- 
sity (indicated by the high conductive area density) and grain bound- 
ary area (grain size) of Li x Co0 2 nanograms, then we further 
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Figure 3 | Characterization of local normalized conductivity in Li x Co0 2 grains after applying various bias voltages, (a) Morphology image and current 
images obtained at 0.5 V after scanning the sample under various bias voltages. The amplitude of the voltages applied to change the conductance 
states before C-AFM acquirements are shown in the corresponding current images, (b) Normalized conductivity as a function of the distance away from 
the nearest grain boundary. The specific tip locations are indicated in the current image in Fig. 3a. The lateral size of the scanned grain is around 
45 nm. (c) Normalized conductivity as a function of the distance away from the nearest grain boundary in a larger grain ( ~ 120 nm) after applying various 
bias voltage scanning processes. All lines are guides to the eye. 



characterized the high-rate charge characteristics by studying the 
kinetics of Li-ion diffusion in the Li x Co0 2 nanograms. With locating 
tip at different locations on a grain and applying a constant bias 
voltage, the corresponding current-time characteristics were inves- 
tigated. It is found that the current increasing rates near boundaries, 
where the energy barrier is relatively lower, are higher than that at 
interiors (see Fig. S7). This suggests that LIBs with good high-rate 
capability may be realized by adapting Li x Co0 2 electrodes composed 



of nanograms with a large grain boundary area. However, more 
reliable data about the Li-ion diffusion kinetics information is 
unavailable at this stage, due to sample thermal drift with increased 
data acquisition time during the measurements and some other tech- 
nical problems 14 . 

As aforementioned, we mainly studied the diffusion behaviors of 
Li-ion out of the Li x Co0 2 nanograms under bias voltages. The dif- 
fusion behaviors of Li-ion back to the nanograins also need to be 
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Figure 4 | Models of Li-ion transport along grain boundaries, (a) Schematic illustration of the grain boundary along (100) plane. (b,c) Schematic 
illustrations of Li-ion diffusion paths along (100) (b) and (110) (c) grain boundaries. 



addressed. In fact, the diffusion of Li-ion back to the interiors has 
been demonstrated by Balke et al using electrochemical strain micro- 
scopy to detect topographic changes 14 . In our case, the movement of 
Li-ion back to the nanograms under negative bias voltages can be 
expected based on the observation of insulating/semiconductive 
behaviors of the nanograms (Fig. le) and the Pt/Li x Co0 2 /Pt device 
after being switched back to the low conductive state (Fig. S2). From 
Fig. 2b, one can see that the threshold voltages for the transitions 
between the high and low conductive states at the same location are 
nearly the same, which indicates that the diffusion of Li- ion back to 
the grain interiors also requires a larger bias voltage in contrast with 
grain boundaries. 



In summary, we successfully mapped the Li-ion transport beha- 
viors in Li x Co0 2 nanograms under an electrical field by using C- 
AFM technique to study the local conductance variations with a 
spatial resolution of —10 nm. It was found that the area near grain 
boundaries can easily become more conductive in contrast with grain 
interiors under a certain bias voltage. This is consistent with our first 
principles calculation, which shows that grain boundary has a very 
low Li-ion diffusion energy barrier. This finding along with the stud- 
ies of local conductance characteristics which reveal the local Li 
distributions and Li-ion diffusion kinetics in Li x Co0 2 nanograins 
under electrical fields suggest that high-rate charge LIBs with a high 
capacity can be achieved by adapting Li x Co0 2 nanostructured 
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electrodes composed of grains with a large grain boundary area and 
using a suitable charge voltage. This information offers important 
guidelines for LIBs engineering from a point view of optimizing the 
electrode material microstructures. Moreover, the investigation of 
ion transportation in combination with conductance change char- 
acteristics by using C-AFM technique at a nano-scale will benefit the 
development of ionic memories and nanoionics. 

Methods 

Sample preparation. For the Pt/Li x Co0 2 /Pt devices, the Pt top electrodes with a 
diameter of 100 fim and a thickness of 80 nm were deposited by using e-beam 
evaporation with a metal shadow mask in situ. 

Measurements. The crystal structure was examined by using XRD (Huber six- 
circle diffractometer). The conductance change behaviors and temperature 
dependence of resistances at low and high conductive states for the Pt/Li x Co0 2 /Pt 
devices were characterized using a Keithley 4200 semiconductor parameter 
analyzer. The I-V sweep rate is around 0.25 V/s. The conductance values of 
different conductive states are obtained under a reading voltage of 0.1 V. An 
atomic force microscopy {Dimension V, Veeco) equipped with a conducting 
cantilever coated with Pt/Ir was employed for C-AFM measurements and contact 
mode was selected. The contact force between the tip and the sample is around 
30 nN. During the measurement, the tip was grounded while a bias voltage was 
applied on the Pt substrate. The time of each pixel takes in current images during 
scanning process is around 2 ms. During the local I-V measurements the scan 
rate is set to 1 Hz. In order to get more reliable results, we chose relatively flat 
grains in this work to minimize the effect of topography. The sample drift was 
adjusted by offsetting the scanning area each time with some featured nanograms 
as a landmark. 

Definition of normalized conductivity. For materials following ohm's law, the 
conductance can be defined as G=I/V, and the conductivity is defined as a=J/E t 
where / is the current density and E represents the electrical field. For a uniform 
material with a regular shape, the conductance equals to the product of the material 
conductivity and a coefficient, which dependents on the length and cross -sectional 
area of the material. In our case, the tip contact area and the grain thickness for a flat 
Li x Co0 2 grain are generally fixed, so the ratio of the conductance variations can 
reflect the conductivity changes. Thus, the normalized conductance equals to the 
normalized conductivity in value. As indicated in Fig. 1 and 2, a bias voltage of 0.5 V 
doesn't change the local conductance, so the conductance values can be calculated at 

0. 5 V. Thus, the normalized conductivity shown in Fig. 3 corresponds to the 
normalized conductance at 0.5 V. 

First principles calculation and modeling. To model the LiCo0 2 grain boundary, 
we carry out first principles calculation based on the Density Functional Theory 
(DFT) as implemented in the Vienna ab-initio simulation package (VASP). 
Exchange and correlation effects were incorporated within the generalized gradient 
approximation (GGA), using the Perdew-Wang 91 (PW91) functional 36 . Vosko- 
Wilk-Nusair interpolation 37 was used for the correlation part of the exchange 
correlation functional. Interaction between ions and electrons was described using 
the projector augmented wave method 38 . Cutoff energy was set at 400 eV for the 
plane- wave basis. In all calculations, self-consistency was achieved with accuracy of 
at least 10~ 3 and 10~ 4 eV for the ionic and electronic loops respectively. All k 
points were generated using G-centered grids based on the Monkhorst-Pack 
scheme 39 . The geometry of each periodic supercell has been optimized based on 
the perfect supercell. For LiCo0 2 , the computed lattice parameters of a — b = 2.85 
A, c — 14.05 A, which is in very good agreement with experimental results where a 
- b - 2.81 A, c = 14.04 A 40 . 

The grain boundary was modeled using a periodic supercell consisting of two 
such boundaries along the same plane. The (100) boundary was modeled with a 
5.71 A X 9.89 A X 14.05 A supercell and the k points were generated with a 4 X 3 
X 2 grid. The (110) boundary was modeled with a 4.94 A X 11.42 A X 14.05 A 
supercell and the k points were generated with a 5 X 2 X 2 grid. The formation 
energy of two-dimensional (2D) grain boundaries was calculated by using: E F — 
1/2(E - EbuikVA., where E is the total energy of the supercell containing two such 
boundaries, Ebuik is the total energy of the corresponding perfect supercell with no 
boundaries and A is the cross -sectional area of the boundary. For the (100) 
boundary, the two boundaries in a supercell are not identical and the formation 
energy reported is the mean of these two. 
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